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The Sea-Viewing Wide Field-of-view Sensor (SeaWiFS) has observed 2.5 years of routine global

chlorophyll observations from space. The mission was launched into a record E1 Nifto event, which

eventually gave way to one of the most intensive and longest-lasting La Nifia events ever recorded.

The SeaWiFS chlorophyll record captured the response of ocean phytoplankton to these significant

events in the tropical Indo-Pacific basins, but also indicated significant interannual variability

unrelated to the El Nifio/La Nifia events. This included large variability in the North Atlantic and

Pacific basins, in the North Central and equatorial Atlantic, and milder patterns in the North Central

Pacific.

This SeaWiFS record was tracked with a coupled physical/biogeochemical/radiative model of the

global oceans using near-real-time forcing data such as wind stresses, sea surface temperatures, and

sea ice. This provided an opportunity to offer physically and biogeochemically meaningful

explanations of the variability observed in the SeaWiFS data set, since the causal mechanisms and

interrelationships of the model are completely understood.

The coupled model was able to represent the seasonal distributions of chlorophyll during the

SeaWiFS era, and was capable of differentiating among the widely different processes and dynamics

occurring in the global oceans. The model was also reasonably successful in representing the

interannual signal, especially when it was large, such as the.El Nifio and .La Nifia events in the

tropical Pacific and Indian Oceans. The model provided different phytoplankton group responses for

the different events in these regions: diatoms were predominant in the tropical Pacific during the La

Nifia but other groups were predominant during El Nifio. The opposite condition occurred in the

tropical Indian Ocean. Both sitthations were due to the different responses of the basins to El Nifio.

The interannual variability in the North Atlantic, which was exhibited in SeaWiFS data as a decline

in the spring/summer bloom in 1999 relative to 1998, resulted in the model from a more slowly

shoaling mixed layer, allowing herbivore populations to keep pace with increasing phytoplankton

populations. However, several aspects of the interannual cycle were not well-represented by the

model. Explanations ranged from inherent model deficiencies, to monthly averaging of forcing

fields, to biases in SeaWiFS atmospheric correction procedures.
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Abstract

The Sea-Viewing Wide Field-of-view Sensor (SeaWiFS) has observed 2.5 years of routine

global chlorophyll observations from space. The mission was launched into a record E1

Nifio event, which eventually gave way to one of the most intensive and longest-lasting La

Nifia events ever recorded. The SeaWiFS chlorophyll record captured the response of ocean

phytoplankton to these significant events in the tropical Indo-Pacific basins, but also

indicated significant interannual variability unrelated to the El Nifio/La N_a events. This

included large variability in the North Atlantic and Pacific basins, in the North Central and

equatorial Atlantic, and milder patterns in the North Central Pacific.

This SeaWiFS record was tracked with a coupled physical/biogeochemical/radiative

model of the global oceans using near-real-time forcing data such as wind stresses, sea

surface temperatures, and sea ice. This provided an opportunity to offer physically and

biogeochemically meaningful explanations of the variability observed in the SeaWiFS data

set, since the causal mechanisms and interrelationships of the model are completely

unde_tood.



The coupledmodelwasableto representtheseasonaldistributionsof chlorophyll during

the SeaWiFSera,andwascapableof differentiatingamongthe widely differentprocesses

and dynamicsoccurringin theglobaloceans.Themodelwasalsoreasonablysuccessfidin

representingtheinterannualsignal,especiallywhenit waslarge,suchastheEl Nifio andLa

Nifia eventsin the tropical Pacific and Indian Oceans. The model provided different

phytoplanktongroup responsesfor the different eventsin these regions:diatoms were

predominantin the tropicalPacificduringthe La Nifla but othergroupswerepredominant

during El Nifio. The oppositecondition occurredin the tropical Indian Ocean. Both

situationswere dueto the different responsesof the basinsto El Nifio. The interannual

variability in theNorth Atlantic, which wasexhibitedin SeaWiFSdataasa declinein the

spring/summerbloom in 1999relativeto 1998,resultedin the model from a moreslowly

shoaling mixed layer, allowing herbivore populations to keep pace with increasing

phytoplanktonpopulations. However,severalaspectsof the interannualcyclewere not

well-representedby themodel. Explanationsrangedfrom inherentmodeldeficiencies,to

monthly averaging of forcing fields, to biases in SeaWi.FSatmosphericcorrection

procedures.

1. Introduction

The Sea-Viewing Wide Field-of-view Sensor (SeaWiFS; McClain et al., 1998) is into its

third year collecting routine global chlorophyll observations from space. This represents an

unprecedented data set in terms of coverage, continuity, and duration that enables us for the

first time to make meaningful observations about the state of biological components in the

global oceans, their spatial variability, and their medium-term (interannual) variability. This



latterpoint especiallydifferentiatesSeaWiFSfrom the two previouslarge-scale-coverage

missions,the CoastalZoneColor Scanner(CZCS), which did not provide routineglobal

coveragein its 8-yearlifetime(Feldmanet al., 1989),andtheOceanColor andTemperature

Scanner(OCTS),whichfailedafl:erninemonthsof on-orbitoperations(Shimoda,1999).

The comprehensiveSeaWiFSdataset, lasting from September1997 to the present,

providesan opportunityto observethe behaviorof oceanphytoplanktonin responseto

medium-termnaturalvariability, i.e.,seasonalandinterannualvariability. If analysisof this

record is combinedwith the outputsof; a coupled physical/biogeochemical model whose

dynamical features are completely understood, then insights may be gained into the causes

of this variability, especially when the results are in agreement. Even when they are not, this

combination of analysis methodologies can help us infer what processes are not

incorporated into the model and their apparent importance.

Such application of coupled three-dimensional physical/biological models on basin (e.g.,

Dutkiewicz et al., 2000; McGillicuddy et al., 1995; Sarmiento et al., 1993) and regional

scales (e.g., Walsh et al., 1999; Gregg and Walsh, 1992) has achieved considerable success

relating outputs to in situ and satellite observations. In this paper we adapt an existing

coupled physical/biogeochemicaI/radiative model of the global oceans (Gregg, 2000) to the

atmospheric and oceanic forcing conditions present during the SeaWiFS era (Sep. 1997 to

Feb. 2000) and track the results as compared to SeaWiFS chlorophyll data on synoptic and

basin scales. The fact that SeaWiFS in its short lifetime has experienced significant

anomalous conditions (El Nifio and La Nifia) provides an enhanced opportunity to evaluate

the nature of the dynamical processes involved and the interactions of biological processes

with physical ones.
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2. Materials anti Methods

2.1 SeaWiFS Data

A global comparison of SeaWiFS chlorophyll data, provided by the NASA/Goddard

Space Flight Center (GSFC)/Distributed Active Archive Center (DAAC) with the CZCS

archive, the entire in-situ data archive maintained by NOAA/National Oceanographic Data

Center (NODC), and a blended analysis using in-situ data and the CZCS archive (Gregg and

Conkright, 2000), suggested that SeaWiFS

concentrations (Conkright and Gregg, 2000).

data tended to overestimate chlorophyll

This was attributed to 1) errors associated

with the assumption that water-leaving radiances at the near-infrared (NIR) bands of

SeaWiFS are negligible, and 2) bio-optical algorithm. An excessively large number of

maximum chlorophyll concentrations (64 mg m "3) were produced by the SeaWiFS

processing algorithms, that appeared to bias the global means upward. Siegel et al. (2000)

have shown that iterative methods to derive chlorophyll-dependent NIR water-leaving

radiances substantially reduce the number of excessively large chlorophyll values especially

at large concentrations. Also, the Ocean Chlorophyll-2 (OC2) bio-optical algorithm

(O'Reilly et al., 1998), which utilizes the ratio of water-leaving radiances at 490 nm to that

at 555 nm, is insensitive to the low chlorophyll concentrations found in the oceanic central

gyres, and thus again biases the results high.

An accurate ocean color data set is required if we are to make meaningful comparisons to

a coupled numerical simulation model. Consequently, we obtained SeaWiFS Level-lA

Global Area Coverage (GAC) data (4-km resolution) from the GSFC/DAAC. The

SeaWiFS Sep. 1997 to Feb. 2000 archive was re-analyzed using standard methods for



calibration(NASA SeaWiFSProjectTable 199902)and atmosphericcorrection(Gordon

and Wang, 1994). Modifications were made to 1) iteratively estimatewater-leaving

radiancecontributionsto the NIR bandsusing Siegelet al. (2000),2) apply theOC3 bio-

opticalalgorithm(O'Reilly et al., 1998),which utilizestheratio of 443 nm to 555nm, and

switchesto a510run to 555nmratiowhentheradianceat 510nmexceedsthatat 443nm.

Additionalmodificationsincludedtheapplicationof spectralfoamreflectance(Frouinet aI.,

1996),elimination of data when the solar zenith angle exceeded 70 °, elimination of all

chlorophyll values > 25 mg m "3, and exclusion of data when the aerosol reflectance at 865

nm exceeded 0.02. This latter modification avoids excessive sun glint and optically thick

aerosols, both of which produce inaccurate chlorophyll derivations.

These modifications appear to ameliorate the adverse effects on chlorophyll contained in

the original processing effort. Re-analyzed SeaWiFS chlorophyll concentrations (Fig. 1)

show a major reduction in global mean value compared to other comparable data sets, and

more importantly, a reduction in the variance. This reduction in variance is especially

indicative of an improvement since it is now in agreement with the CZCS and blended data

sets, and suggests that the number of excessively large chlorophyll values is now more

reasonable. NIR, bio-optical algorithm, and spectral foam reflectance modifications are

included in the new re-processing of SeaWiFS data now underway by the SeaWiFS Project

(C.R. McClain, personal communication, 2000).

2.2. Coupled Physical/Biogeochemical Model

The coupled global physical/biogeochemical/radiative model was based on Gregg (2000).

The only modifications were the forcing by actual atmospheric conditions during the



SeaWiFSera,ratherthan the monthly climatologies used previously, the introduction of a

new phytoplankton goup, coccolithophores, and a parameterization of biological processes

in sea ice. An overview of the coupled model interactions illustrates the application of

actual monthly surface wind stresses and sea ice (near-real-time analyses from the

NOAA/National Center for Environmental Prediction; NCEP) and sea surface temperature

from the Reynolds optimal interpolation analyses (OISST: Reynolds and Smith, 1994)

obtained from the GSFC/DAAC (Fig. 2). Unfortunately, actual surface shortwave forcing

and cloud properties were not available "yet for this period from the International Satellite

Cloud Climatology Project, so we used monthly climatologies for surface shortwave flux (to

determine mixed layer depths in the model and the circulation fields) and surface spectral

irradiance (to drive phytoplankton growth). This is a major shortcoming in the simulation.

A second major modification to the Gregg (2000) model was the successful introduction

of coccolithophores as a fourth phytoplankton functional group, in addition to the diatoms,

chlorophytes, and cyanobacteria groups already present (Fig. 3). Chlorophytes are intended

to represent flagellates, and the cyanobacteria are intended to represent pico-prokaryotes.

The term successful introduction means that the group does not become extinct over the

course of a four-year run, since in this model there are no refuge populations to numerically

prevent extinction. In this model, if a phytoplankton group does not possess physiological,

physical, or optical characteristics to enable it to fred a niche, it is allowed to become extinct

and the assumption is made that the characteristics are improperly defined or that additional

characteristics are necessary for survival.

Coccolithophore physiological and physical characteristics identify them as a rapid

sinking, moderate growing phytoplankton _oup that has an exceptional capability for



utilizing nitrogen(Fig. 4). Therapidsinkingrate isa functionof thedensityof their calcium

carbonateexoskeletons. In this model their sinking rate varies as a ihnction of their

concentration

Ws(COC)= 1.11lC(coc) + 0.291 (1)

wherews is the sinking rate in m d"I, C is chlorophyll concentration,and the term coc

indicatescoccolithophoresalone. Onlycoccolithophoresexhibita sinking ratedependence

on concentrationin this model. However,the sinking ratesof all groupsareadjustedfor

viscosityaccordingto StokesLaw, which is parameterizedby temperature(Gregg,2000).

The sinkingrate of coccolithophoresrangesfrom 0.3 m d1 for low concentrationsto a

maximumof 1.2m d"I for largeconcentrations,which is consistentwith observations(Fritz

andBalch,1996;Bonin et al., 1986). Their relative(to diatom)maximumgrowth ratesare

derived from comparativeexperimentsby Brand et al. (1986; 1983)and Eppley et al.

(1969). Light saturationinformationis derived from Perry et al. (1981). According tO

Eppleyet al. (1969),nitrogenuptakeby coccolithophoresis abouttwice the efficiency of

diatoms,leadingto a half-saturationconstantfor nitrogenk_ of 0.5(diatomkN= 1 in this

model). A similar adjustmentto cyanobacteriais madeto simulateimproved nitrogen

utilization as a function of their small size. ChlorophytekNis set to 0.8 to placethem

intermediatebetweencoccolithophoresandcyanobacteriaat the lower end,anddiatomsat

the upperend. Thesegroup-dependentks's representa changefrom the Gregg (2000)

versionwhereks = 1for thethreefunctionalgroups.

In thisversionbiogeochemicalprocessesin seaicewereparameterized.This adaptation

wasnecessitatedby lackof overwinteringsuccessby phytoplanktonin theextremenorthern

and southernrangesof the model,resulting in depletionof populations. In the previous
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model,phytoptanktonpopulationsbecamesodepletedin tile localwinterthattheycouldnot

recoverduringthegrowingseason.In nature,phytoplanktonexist in seaiceoverwinter, and

thenentertheoceanuponice melt (SmithandNelson,1986),a processknown asseeding.

Theparameterizationappliedherewasto ceaseall biogeochemicalprocessesin thepresence

of seaice, andthen resumewhen the ice disappears. The activity was modified by the

percentageof seaicepresentin amodelgrid cell.

As in Gregg(2000),theOceanGeneralCirculationModel (OC_K2M;Schopfand Loughe,

1995)wasrun for 5 yearswith climatologicalwind stresses,SST,andsurfaceshortwave

fluxes. Then the biogeochemical model was initialized with homogeneous fields of

diatoms, chlorophytes, cyanobacteria, and coccolithophores, each set at 0.05 mg m "3

chlorophyll concentrations. Initial nitrate and silicate fields were taken from Conkright et al.

(1994) annual means. The coupled model was run for 4 years with climatological surface

wind stresses, SST, shortwave fluxes, sea ice, and atmospheric optical constituents to avoid

initialization effects and achieve steady state. Finally the model was run from Apr. 1997 to

Feb. 2000 using actual wind stresses, SST, and sea ice fields for the months and years in

question. The stresses, sea ice, and SST's were averaged over each month to prevent

perturbations to the GCM.

3. Results and Discussion

3.1. Climatological Phytoptanlaon Group Distributions

As in Gregg (2000), all phytoplankton groups were initialized as homogeneous fields (Fig.

5), both horizontally and vertically, and allowed to distribute in the global oceans as

physical, optical, and biogeochemical conditions permit. Since this model has been adjusted



by adding a new phytoplankton group, coccolithophores, it is useful to observe resulting

distributions produced by climatological forcing conditions before proceeding to the

SeaWiFS era analyses. After 4 years of forcing the model with climatological wind stresses,

SST's, sea ice, and atmospheric optical conditions, the four phytoplankton groups were

distributed globally in June according to the prevailing conditions and inter-group

competition (Fig. 6). Diatoms predominated in the high latitudes, equatorial upwelling

areas, and coastal boundaries. They were most responsible for the spring bloom features

observed in the North Pacific and Atlantic. Cyanobacteria/picoplankton predominated in

the central ocean gyres. Chlorophytes/flagellates represent a transitional group that occupies

the fringes of the equatorial upwelling regions, the

Hemisphere, and the northwestem Pacific Ocean.

sub-polar front in the Southern

Coccolithophores had a patchy

distribution, with major features in the North Atlantic Ocean, the Bering Sea, the westem

equatorial Pacific, the California upwelling region, and the southern sub-polar frontal

region. Predominance of diatoms in the high latitudes (Mamnon et al., 2000; Eynaud et at.,

1999; Hardy et al., 1996) and sparseness in the central ocean gyres (Maranon et al., 2000;

Goericke, 1998) has been previously reported.

The predominance of cyanobacteria/picoplankton in the mid-ocean gyres is well-

established (Goericke, 1998; Itturiaga and Marra, 1988; Itturiaga and Mitchell, 1986;

Glover, 1985). Hardy et al. (1996) found abundant flagellate populations in the southem

Pacific sub-polar frontal region. Abundances of coccolithophores have been reported in a

variety of locations, such as the northeast Atlantic Ocean near Iceland (Balch et al., 1996;

Malin et al., 1993), the southern Atlantic sub-polar front (Eynaud et al., 1999), the Southern

California Bight (Ziveri et al., 1995), the central ,and western tropical Pacific (Balch and
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Kilpatrick, 1996),and the southernPacific sub-polarfront (Hardy et al., 1996). Bishop

(1989)and Malin et al. (,1993)havealsonotedthepropensit3"of coccolithophoresto gather

atsub-polarfrontalregions.Thuslimited in situobservationsof phytoplanktondistributions

arein qualitativeagreementwith themodelresults.

Diatom dominanceof the equatorialPacific is counterto observationsin theregion,e.g.,

Chavez, (1989); Landry et al. (1997); Brown et al. (1999), which indicate a pico-nano-

plankton dominated community. These results suggest iron limitation, since diatoms appear

to be especially subject to iron availability (Miller et al., 1991; Morel et al., 1991a; b; Price

et al., 1994). Since this model does not contain explicit iron regulation, predominance by

picoplankton cannot be reproduced. Thus the model produces a phytoplankton group

population s_'ucmre that is reasonable in the absence of iron limitation, and in a sense may

support the large-scale extrapolation of the limited iron enrichment experiments.

3.2. Seasonal Comparison of Total Chlorophyll in the SeaWiFS Record

The SeaWiFS record of chlorophyll concentrations from Sep. 1997 to Feb. 2000 was

averaged monthly to produce an illustration of seasonal distributions. Similarly, total

chlorophyll outputs from the model were averaged daily over the same period. The

comparison shows general correspondence between SeaWiFS and model-computed total

chlorophyll (Fig. 7). Regions of low and high chlorophyll were matched, and the general

characteristics of the seasonal cycle were in agreement. The high latitude regions, the North

Atlantic and Pacific Oceans, and the Antarctic Ocean were characterized by a very wide

seasonal range of chlorophyll, with a prominent and large local spring/summer bloom and a

large die-off in local winter. Mid-latitude regions were characterized by a much smaller
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seasonalsignal, ,,vith local winter producing m_ximum values. The equatorial Pacific had

virtually no seasonal signal in either the model or SeaWiFS. The equatorial Atlantic had a

modest seasonal signal, with a maximum in mid-to-late summer, and minima in spring and

fall in SeaWiFS. The model agreed with the late summer maximum and the early spring

minimum, but does not exhibit a fall secondary minimum. The tropical Indian Ocean was

lowest in mid-spring and highest in mid-summer, which agreed with the model results. The

North Indian Ocean seasonal signal was clearly dominated by the northwest monsoon in

mid-winter, the even larger southwest monsoon in mid-to-late summer, and a minimum in

chlorophyll associated with the inter-monsoon period. The model seasonal trends were in

agreement with these results, but it underestimated the high chlorophyll values at the

monsoon peaks. The southwest monsoon is a period of intense upwelling that produces

elevated chlorophyll, but high winds associated with the monsoon also produce overlying

absorbing aerosols that confound the SeaWiFS atmospheric correction algorithms and

produce an overestimate of chlorophyll (Gregg, 2000). Still, the model did not appear to

represent the extent of upwelling, which may be due to the absence of topographic and/or

coastal influences.

Although the model exhibited an ability to simulate the seasonal distributions of

chlorophyll as compared to SeaWiFS, there were some significant differences in timing and

magnitude. In the North Pacific and Atlantic, the spring bloom peak occurred in the model

in July and June, respectively. In SeaWi.FS the bloom occurred in May in both basins,

although it lingered through June in the North Pacific. This represents a departure from the

CZCS climatology, when the peak occurred in June in both basins, although the North

Pacific May values were nearly as large as the June values (Fig. 8). The mean May and
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JuneSeaWiFSchlorophyll concentrationswereabout 1.6timeslargerthan theCZCS. In

the modelthe bloomresultedfrom increasedsurthceirradianceandmixed layer shoaling.

Coupled with prevalent nutrients from winter mixed layer deepening and entrainment, this

produced irradiance levels in the surface layer conducive to very large growth. The

apparent delay in the model, and relative to the CZCS climatology, suggests that anomalous

surface forcing was present in the two SeaWiFS spring/summers. Given that actual wind

stresses and sea surface temperatures were used, it is possible that surface shortwave forcing

and surface irradiance was larger and earlier in 1998 and 1999, possibly due to reduced

cloud cover and thickness, that was not represented in the climatological conditions used in

the model. The North Pacific also exhibited a pronounced fall bloom in SeaWiFS data that

was not present in the model (Fig. 7). The CZCS climatology exhibited a similar feature

(Fig. 8). Yoder et al. (1993) suggested that CZCS observations in the autumn above 40 ° N

are unreliably high. While there may be bias associated with limited sampling and

increasing solar zenith angle, the dynamics producing a fall bloom (convective overturn and

replenishment of nutrients) are well-grounded in physical and biogeochemical principles. In

the model nutrient replenishment was inadequate to compensate for diminished irradiance

availability, especially given the deeper mixed layer. In reality, there may be influences

related to eddy-forced isopycnal adjustment (e.g., Siegel et al., 1999), or diurnal variability

of mixed layer depths.

3.3. Interannual Comparison of Total Chlorophyll in the SeaWiFS Record

The 2.5-year SeaWiFS chlorophyll record was generally dominated by the seasonal signal,

but interannual variability is also readily apparent (Fig. 9). Perhaps the most dominant event
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sincethe launchof SeaWiFSwas the record El Nifio and La Nifia eventsin the tropical

PacificandIndian Oceans. The E[ Nifio was underway in Sep. 1997 when SeaWiFS was

launched, and continued (as indicated by anomalously high surface temperatures) until May

1998. Temperatures exceeded 4° above normal during the 1997-1998 event (Mm'tugudde et

al., 1999). The high surface temperatures were the result of an eastward-propagating Kelvin

wave, which was in turn induced by a reduction in westward winds along the tropical

Pacific. This Kelvin wave suppressed the normally present upwelling conditions and shut

down supply of nutrients to the surface. The result was vastly reduced chlorophyll

concentrations. Low chlorophyll concentrations were readily apparent in the SeaWiFS

tropical basin means fi'om launch until early 1998 (Fig. 9). Similar low chlorophyll was

represented in the model basin means. However, there were some discrepancies between

the computed response to El Nifio and the actual response as indicated by the SeaWiFS

observations. SeaWiFS reached a minimum in chlorophyll in Dec. 1997 and apparently

began to recover through early 1998. The model obeyed the OISST record, which showed

that the El Nifio did not end until May 1998. Murtugudde et al. (1999) suggested that local

wind bursts beginning in March 1998 produced a local bloom in SeaWiFS data near 165 ° E.

However, the basin-wide results here were the result of differ.ent processes. Beginning in

Dec. 1997, westward wind stresses at the formation of the North Equatorial current

developed (at about 120-150 ° W, 10-20 ° N). Over the course of the next few months, these

wind stresses produced larger chlorophyll concentrations in the southeastern portion of the

Noah Central Pacific in the model that appeared to spread over the equatorial counter

current, eventually joining with a local bloom in the western tropical Pacific in Jan.-Feb.

1998 (Fig. 10). This sequence appears to be represented SeaWiFS. However, the disparity
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in thebasinmeansoccurredbycontinueddepletionof chlorophyll in thesouthernportionof

the Perucurrent in the model (Fig. 10). In the model this was the result of polew,'u'd

spreadingof the E1 Nifio Kelvin wave. SeaWiFSdata indicated early depletion of

chlorophyll in this region and no further reduction. One of the most notable features of the

midst of the El Nifio was the prominent expression of the equatorial counter current in

SeaWiFS data. It was not as obvious in the model since the contrast in the color scale is not

as apparent, but one can still observe its appearance (Fig. 10). This striking expression was

likely due to reduced baroclinic shear between the equatorial counter current and the south

equatorial current.

The La Nifia condition prevalent in this region from May 1998 to the present was

represented in the SeaWiFS data and the model (Fig. 9). Both indicated elevated

chlorophyll concentrations, resulting from enhanced upwelling and supply of nutrients to the

surface. Both indicated about a factor of 2 increase fi'om the low point of the El Nh3o to the

La Nifia (Fig. 9). Re-establishment and intensification of upwelling conditions due to La

Nifia are shown in Fig. 11.

The expression of the El Nifio in the tropical Indian Ocean was also one of the significant

interannual signals observed by SeaWiFS. Anomalous upwelling in the eastern Indian

Ocean was present in both the SeaWiFS data and the model in November 1997 (Fig. 10).

This upweUing was induced by abnormally high wind stresses which produced abnormally

low SST indicative of upweIling. In the model and SeaWiFS, this condition reversed and

resulted in a steady reduction of surface chlorophyll in the equatorial Indian basin until the

end of the E1Nifio in May 1998, when a more normal seasonal cycle began to assert itself.

The departure of model chlorophyll from SeaWiFS in summer of 1998 and 1999 may have
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be influenced by atmospheric correction difficulties in SeaWiFS associated with dust

plumes accompanying the high winds of the southwest monsoon. Massive areas of" the

Arabian Sea failed the aerosol optical thickness criterion for SeaWiFS during these periods

(Fig. 11). The absorbing nature of these aerosols resembles chlorophyll in the correction

procedures. Although algorithm failure did not occur in the equatorial Indian monthly

means, excessively large chlorophyll values are an expected result in the presence of sub-

threshold aerosol optical thicknesses. Most of the increase in chlorophyll in the equatorial

Indian in July and August occurred on the western side, closest to the dust source (Fig. 11).

Similar large chlorophyll concentrations were retrieved from SeaWiFS during these months

for the North Indian and equatorial Atlantic Oceans, suggesting a similar phenomenon.

Some of the effect was most likely natural, resulting from upwelling induced by the

southwest monsoon, but it is difficult to quantify. The model may be inhibited from

exhibiting the large dynamic range in chlorophyll because of the lack of topographic and

coastal influences.

A time series of nitrate distribution (Fig. 12) illustrates the dramatic effects of E1 Nifio and

La Nifia. Nitrate concentrations were suppressed in Nov. 1997 in the tropical Pacific, but

upwelling was strongly indicated in the eastern tropical Indian basin. By May the nitrate

depletion in the tropical Pacific reached its minimum, and within one month reversed

indicating the onset of La Nifia. Murtugudde et al. (1999) observed a 6 ° change in

temperature between May and Jun. 1998. By Aug. 1999 La Nifia was firmly entrenched in

the tropical Pacific. Chavez et al. (1999) measured 0.05 _ nitrate at 0 ° 155°W in Nov.

1997, which was lower than the corresponding model value of 0.5 laM, but which represents

a si_ificant departure from normal when 5 pM is a common value.
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TheNorth CentralPacificOceanappearedto exhibit intera.nnualvariability relatedto the

E[ Nifio (Fig.9), with lowerpeakvaIuesin theSeaWiFSdatain winter/spring1998than in

1999. This wasaccompaniedby anomalouslyhigh SST'salong the California coast in

spring 1998,which was indicative of reducedupwelling. The model indicatedreduced

upwelling along the California coast in spring 1998as well, but overall the basin mean

valuesin themodeldid notexhibiteffectsrelatedto theEl Nifio.

TheNorth Pacific and Atlantic basins exhibited very large interannual variability during

the 2.5 years of SeaWiFS chlorophyll data collection (Fig. 9). The spring/summer bloom in

the North Pacific in 1999 was much larger, although slightly later, than in 1998 in the

SeaWiFS record. In the model, the formation of the bloom was tracked to mid-May 1999,

with larger chlorophyll concentrations than in 1998.

through June, and finally resumed briefly in July 1999.

Then the bloom did not advance

The net effect of this start-and-stop

process in the model was a reduced total bloom magnitude. The cause of the discrepancy is

most likely monthly averaging of the wind stresses. Anomalously low wind stresses in

April and May 1999 provided rapid mixed layer shoaling. The mean winds of June were

much higher, and the mixed layer shoaling slowed down. The mixed layer depth on May 5,

1998 was 70 m compared to 50 m in 1999. By July 4 the mixed layer depth was about 16 m

both years, indicating a faster shoaling in 1998 than 1999. Actual daily wind stresses

continued at low values through the end of May and into the beginning of June, producing

continued mixed layer shoaling as suggested by the SeaWiFS observations. The slow down

of mixed layer shoaling in the model allowed herbivore populations to keep pace with

phytoplankton growth, and reduce the magnitude of the overall bloom. Use of

climatological shortwave radiation and irradiance may also contribute to the discrepancy.

16



TheNorth Atlantic showedan interannualmaximuminsprinJsummer1998comparedto

1999in theSeaWiFSrecord,incontrastto theNorthPacific(Fig. 9). In theNorthAtlantic,

the modelrepresentedtheseinterannualcharacteristics.In the model,the reductionin the

springbloomin 1999wasdueto therateatwhich theMLD shoals.It took about60daysto

shoalfrom 100m to 30 m in 1998,ascomparedto 90daysin 1999(andsimilarly in 1997,

incidentally). This slow down in shoaling,as in the North Pacific, allowed herbivore

populationsto keep up with phytoplanktonpopulations,and thus restrict their ability to

maximize use of available nutrients. 'A result of this was that large phytoplankton

populationsweresustainedlongerin 1999than in 1998becausegrazinginhibitedtheir use

of nutrients.

The modeltrackedthe SeaWiFSchlorophyll recordin theNorth CentralAtlantic, except

for a 6-monthperiodbeginningin Oct. 1998and lastinguntil Mar. 1999,when elevated

SeaWiFSvaluespredominated(Fig. 9). After this time the SeaWiFSdata fell back to

agreementwith themodel. The elevated SeaWiFS data for the basin were caused by very

high chlorophyll values off the coast of Mauritania during this period (Fig. I 1). Values

exceeded 1.0 mg m 3 over large areas near'the coast for several months. The model had a

much smaller indication of large chlorophyll in this region. Wind stresses were from the

east during this period but not anomalously so, and SST data did not exhibit cool anomalies

that would indicate upwelling until March 1999, when the model also indicated elevated

chlorophyll values here. This suggests the possibility of a Saharan dust episode producing

inaccurate SeaWiFS chlorophyll data, but there appeared to be no similar expression in the

equatorial Atlantic. We also do not presently have confirmation from SeaWiFS derived

aerosol optical thickness estimates that a Saharan dust outbreak occurred and there is also
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little evidenceof algorithm t_i[ure that usuallyaccompaniessuchevents. Furthermore,a

confirmedintenseoutbreakin Feb.2000did not produceSeaWiFSchlorophyll valuesthat

deviatefrom themodelgreatly(Fig.9, 13).

The equatorialAtlantic exhibited such a large amount of interannualvariability in

SeaWiFSdatathattheseasonalsignalwassometimesobscured(Fig.9). Themodeldid not

track the wide interannualvariability of the SeaWiFSrecord,andappearedto stayon the

seasonalcourse,althoughit wasalwayswithin theSeaWiFSstandarddeviation. This region

is subject to several influences that are not represented in the model, such as riverine inputs

form the Amazon to the west and the Congo to the east, as well as several sources of error

for SeaWiFS data (colored dissolved organic matter fi'om the rivers, absorbing aerosols).

The most conspicuous departure occurred in Jul. 1999 and lasted until Sep. 1999, when

SeaWiFS produced much larger chlorophyll estimates than the model. A band of very high

chlorophyll formed along the equatorial axis in Jul. 1999 (Fig. 13). This high chlorophyll

was suggestive of upweIling, but there was no correspondence in the OISST data, nor were

wind stresses anomalous. Congo River outflow reaches a seasonal maximum in Jul. and

Aug. (Signorini et al., 1999), which provides the simplest explanation. The high chlorophyll

concentrations diminished for the remainder of the year, then re-appeared in Jan. 2000,

although now it was localized to the coast suggesting riverine influence, most likely due to

the increased outflow of the Congo that tends to begin in January (Signorini et al., 1999).

The Southern Hemisphere basins appeared to exhibit very little interannual variability in

either the SeaWiFS or model representations of chlorophyll, and the two were in overall

agreement (Fig. 9). The model tended to underestimate SeaWiFS concentrations in the

austral winter in the Antarctic, but this may be due to the 72 ° solar zenith angle limit on data
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collection for SeaWiFS. The limit selectivelyexcludesdataunder tow in'adkmce,where

primary productionis low and chlorophyll abundancesarealso expectedto be low, as

indicatedbythemodelwhich hasnosuchbias. In fact,wheresliversof SeaWiFSdataexist,

the valuesappearedto be low and more in agreementwith the model (Fig. 11, 13). A

similar patternemergedin theNorth Pacific andAtlantic basins. Themodel appearedto

overestimatechlorophyll in australsummer,whichmaybedueto iron limitation.

f

3.3. Interannual Variability in Phytoplankton Group Distributions

Phytoplankton group distributions exhibited significant departures fi'om climatological

conditions in some basins during the 2.5-year SeaWiFS record. These observations are

difficult to confn'm with in situ observations, because of how recent the SeaWiFS

observations are, and how sparse phytoplankton group data can be. Nevertheless, the model

results can provide some insight into the mechanisms governing basin-scale phytoplankton

group changes, and can provide hypotheses as to the nature if interannual variability.

The largest interannual variability in phytoplankton distributions occurred in the equatorial

Pacific and Indian Oceans, where the El Nifio and La Nifia events were most prominent. In

the tropical Pacific, diatom populations diminished as the E1 Nifio persisted, reaching a

minimum at the nominal end of the event in May 1998 (Fig. 14). During this time, diatoms

were replaced by largely coccolithophores, but also a mixture of chlorophytes and

cyanobacteria. With the end of the El Nifio and the beginning of the La Nifia, diatom

relative abundance increased and eventually reached a larger proportion than before the El

Nifio. These results conform to observations by Chavez et al. (1999), who noted that in the

tropical Pacific, El Nifio is dominated by pico and nano plankton, and the La Nifia brings
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aboutthe increasedrelativeabundanceof diatoms. In themodelthiswasbecauseenhanced

nutrient supply provided by intensified upwelling of La Nifia favored the faster growing

diatoms. With the relatively rapid sinking rates, the reduced nutrient availability in El Nifio

was insufficient for them to maintain their populations, and the slower growing but slower

sinking cyanobacteria and chlorophytes attained a competitive advantage. Coccolithophores

sink relatively rapidly but their ability to scavenge nutrients with greater efficiency than

diatoms gave them an advantage in El Nifio.

A different pattern emerged from the El Nifio in the tropical Indian Ocean. Here the main

effect of El Nifio was to produce intensified upwelling in the eastern portion of the basin

(Fig. 14). Although the pattern of phytoplankton group relative abundance was dissimilar

from the Pacific, the same biological and physical principles are at work. Thus the

increased upwelling in the Indian Ocean produced greater nutrient supply, and diatom

populations increased their abundances relative to the other groups (Fig. 14). Re-;

establishment of more normal circulation patterns arriving with La Nifia resulted in

diminishing diatom populations, and the increase of coccolithophores and cyanobacteria

(Fig. 14). An interesting observation is that coccolithophores appear to have increased their

abundances relative to cyanobacteria during La Nh'ia.

In the North Atlantic, diatoms predominated throughout the SeaWiFS record, with

cyanobacteria and then coccolithophores exchanging secondary relative abundance as

winter approached (Fig. 14). The exceptional spring/summer peak in 1998 exhibited

slightly increased relative abundance of coccolithophores. The smaller bloom of 1999 had

slightly more diatoms and slightly less coccolithophores and chlorophytes.
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The central North Pacific e.,chibitedlittle interannual variability, as did the total

chlorophyll record (Fig. 14). Instead it indicated a pattern of diatom predominance in early

spring, yielding to cyanobacteria predominance in summer and late fall. Coccolithophore

relative abundances increased in the boreal winter and decreased in late summer in a pattern

that was out of phase with diatoms and cyanobacteria.

4. Conclusions

The 2.5-year SeaWiFS mission has' given us our first comprehensive glimpse of

interannual variability of ocean chlorophyll dynamics. Moreover, it was launched as one of

the largest El Nifio events was underway, and which eventually gave way to one of the

largest, most intensive, and longest-lasting La Nifia events ever recorded. The SeaWiFS

chlorophyll record captures the response of ocean phytoplankton to these significant events

in the tropical Indo-Pacific basins, but also indicates significant interannual variability

unrelated to the El Nifio/La Nifia. This includes large variability in the North Atlantic and

Pacific basins, large variability in the North Central and equatorial Atlantic, and milder

pattems in the North Central Pacific, the latter of which may be due partially to the El Nifio.

The Southern Hemisphere exhibits, in contrast, relatively little interannual variability during

the SeaWiFS record.

We are fortunate to live in an era when global atmospheric data sets are routinely and

nearly immediately available. Thus we have the opportunity to drive a coupled

physicaI/biogeochemical/radiative model of the global oceans with actual near-real-time

forcing data such as wind stresses, SST's, and sea ice. Our only limitation is cloud cover

and thickness data, which are necessary to evaluate the shortwave flux, which affects mixed
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layer dyn,'u-nics,<andthe spectral irradiance with depth, which drives phytoplankton

dynamics. Although this is a majorshortcoming,theavailabilityof the other tbrcingdata

gives us an opporttmity to track the SeaWiFSrecordwith a global coupled model and

attempt to provide physically and biogeochemicallymeaningful explanationsof the

variability observedin theSeaWiFSdataset.

Even without cloud data, the coupled model was able to represent the seasonal

distributionsof chlorophyll during the SeaWiFSera,and was capableof differentiating

amongthe widely differentprocessesand dynamicsoccurring in the global oceans. The

model was also reasonably successful in representing the interannual signal, especially when

it was large, such as the E1 Nifio and La Nifia events in the tropical Pacific and Indian

Oceans. In these two regions the model provided different phytoplankton group responses

for the different events. The interannual variability in the North Atlantic, which was

exhibited in SeaWiFS data as a decline in the spring/summer bloom in 1999 relative to 1998

was represented, and resulted in the model from a more slowly shoaling mixed layer,

allowing herbivore populations to increase at a faster rate thus preventing maximum and

immediate utilization of available nutrients from winter convection. However, several

aspects of the interannual cycle were not well-represented by. the model. Some of which

may be due to the application of monthly averaged winds such as the North Pacific, some by

the model deficiencies of a lack of topographic and coastal influences such as the North

Indian Ocean, some may be related to the lack of monthly cloud data, some may be due to

riverine influences missing in the model such as the equatorial Atlantic, and finally some

may be the result of biases in SeaWiFS atmospheric correction procedures such as

absorbing aerosols which are common in the equatorial and mid-latitude eastern Atlantic
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,andthe North and equatorial Indian Oceans. Nevertheless,broad agreementsuggests

confidencein the largescale(.synopticandbasinscale)processesin themodeland itsability

to provideplausibleexplanationsfor somethevariability observedin thisuniquespacebome

dataset.
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Figure Captions

Fig. 1. Comparison of re-analyzed SeaWiFS global data with other global data sets. IS

indicates the in situ archive maintained by NOAA/NODC, CZ indicates the CZCS, BL

indcates a blended data set (Gregg and Conkright, 2000), SW indicates SeaWiFS data, and

OC3 indicates the re-analyzed data using an NIR reflectance correction and the OC3 bio-

optical algorithm. Top: Global means. Bottom: global variances. Figure is reprinted

courtesy of bel. Conkright, NOAA/NODC.
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Fig. 2. Diagrammatic representation of the coupled circulation, biogeochemical, and

radiative model of the global oceans. Monthly climatological wind and atmospheric

optical properties are used to produce surface shortwave radiation and spectral irradiance

fields. Near-real-time monthly means of wind stresses, SST's, and sea ice are used to

drive the circulation and biogeochemical fields for the SeaWiFS record. Outputs from

the model are spectral upwelling radiance, primary production (which is an explicit

calculation derived from the growth functions), chlorophyll abundances for each of the

phytoplankton groups, and nutrients (nitrate, ammonium, and silicate).

Fig. 3. Diagrammatic representation of the biogeochemical model. Four phytoplankton

components, diatoms, chlorophytes (representing nanoflagellates), cyanobacteria

(representing prokaryotic picoplankton), and coccolithophores interact with three nutrient

components (nitrate, ammonium, and silicate), and contribute to detritus when ingested or

upon death, which returns to the ammonium pool immediately and the nitrate pool later

upon remineralization. Herbivores ingest phytoplankton groups non-preferentially, and

contribute to the ammonium pool though excretion, and eventually the nitrate pool upon

death and remineralization.

Fig. 4. Phytoplankton group biological and physical characteristics. Top left: Maximum

growth rate. Top right: Maximum sinking rates. Coccolithophore rates are concentration-

dependent, and shown here is a median value. Actual rates range from 0.3 to 1.2 m d -t.

Bottom left: Half-saturation constants for nitrogen utilization (kN). Bottom right: Light

saturation parameters, Ik. Low light is defined as < 50 _t moles photons m -2 sq, medium

light is 50-200, and high light is > 200.
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Figure5. Initial surfaceconditionsfor the4 functionalphytoplanktongroupsin thecoupled

model(nagreJ). Distributionswith deptharethesameasshownhere.

Figure6. Phytoplanktongroupdistributionscomputedfor Juneafter4 yearsof simulation.

Theserepresentvaluesfor a singledaynearthe beginningof the monthandnot monthly

mearls.

Fig. 7. Comparison of model-generated mean chlorophyll (solid line) with climatological

monthly mean SeaWiFS chlorophyll by oceanographic basin. Error bars on the SeaWiFS

chlorophyll means represent one-half the SeaWiFS standard deviation. SeaWiFS

climatological monthly means are derived by averaging over the 2.5-year record. Model

means are averaged daily over the 2.5-year period.

Fig. 8. CZCS climatological monthly mean pigment for the North Pacific and North

Atlantic basin. The spring/summer peak pigment values occurred in June for both basins,

although in the North Pacific the May concentration was nearly as large as the June.

Fig. 9. Comparison of model daily chlorophyll (solid line) with monthly mean SeaWiFS

chlorophyll by oceanographic basin for the 2.5-year SeaWiFS record. Error bars on the

SeaWiFS chlorophyll means represent one-half the SeaWiFS standard deviation.

Fig. 10. Top: Mean monthly model chlorophyll for November 1997 compared with

SeaWiFS data. Bottom: February 1998. This shows the evolution of the El Nifio in the

equatorial Pacific and Indian Oceans. Note suppressed chlorophyll concentrations in the

equatorial Pacific and increased concentrations in the eastern equatorial Indian.

Fig. 11. Top: Mean monthly model chlorophyll for August 1998 compared with SeaWiFS

data. Bottom: March 1999. By August 1998 the La Nirla is well-established and is

indicated by high chlorophyll concentrations in the equatorial Pacific. In March 1999 an
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intensebloom of chlorophyll appearsoff tile coastof Mauritania in the North Central

Atlantic in theSeaWiFSdata. The model indicates this but not as intensely. This sequence

of images also illustrates seasonal variability. The vestiges of the austral summer bloom in

the Antarctic are clearly apparent in the model, and sometimes agrees with SeaWiFS, but

appear to overestimate especially in the southeast portion of the Pacific sector.

Fig. 12. This sequence of images illustrates the dramatic effects of El Nifi.o and La Nifia in

model nitrate concentrations. In November 1997 high nitrate values in the eastern equatorial

Indian occur as a result of intense upweiling. Nitrate concentrations continue to diminish

through May 1998 in the tropical Pacific, and then begin to re-establish upwelling

conditions in June 1998 as the La Nifia develops. By September 1999 the La Nii_ia is fully

established. Seasonal variability is also apparent in the sequence. Note the exhaustion of

nitrate in the North Pacific and Atlantic in November 1997 and September 1998, as the

result ofphytoplankton growth in the boreal summer. Replenishment occurs by May 1998.

A much smaller seasonal signal is also apparent in the southern ocean.

Fig. 13. Top: Mean monthly model chlorophyll for July 1999 compared with SeaWiFS

data. Bottom: February 2000. In July 1999 an intense bloom of chlorophyll has developed

in the equatorial Atlantic. A similar feature appears in the model but not as intense. Similar

patterns of high latitude blooms are observed in the Northern Hemisphere. By February

2000 more normal chlorophyll patterns have arrived, but with possibly continued

exceptional upwelling.

off the Sahara Desert,

Mauritania.

A severe dust storm was observed in SeaWiFS and AVHRR data

and may be causing the large chlorophyll concentrations off
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Fig. 14. Phytopl,'mktongroupdistributionsduring the SeaWiFSrecordin 4 basins. Top

/eft: Equatorial Pacific, where diatoms predominate the La Nifia period but not the El Nifio.

Top right: Equatorial Indian, where diatoms predominate the El Nifio, but other groups

predominate in the La Nifia. Note the predominance of coccolithophores. Bottom left:

North Atlantic, showing overall diatoms predominance but shifts in late summer to

cyanobacteria and winter to coccolithophores. Bottom right: North Central Pacific, which

exhibits little compositional change as a function of interannual variability.
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